Abstract: We propose a surface plasmon interferometer based on a wedge metal waveguide. Working principles of the device are introduced through theoretical analyses. The interference performances are investigated by finite-difference time-domain (FDTD) method. Because of the special wedge geometry, the interferometer shows an extremely low coupling loss in comparison with the previous reports. An interesting surface plasmon polariton (SPP) coupling and splitting phenomenon is found at the wedge section. It is then split into two surface plasmon modes in two interference arms. Refractive index sensing applications of this interferometer are also discussed, which shows sensitivity as high as 6 Â 10 3 nm/RIU.
Introduction
Surface plasmon polariton (SPP) is a transverse-magnetic surface electromagnetic excitation propagating at the interface of a metal and a dielectric [1] . To date, various SPP excitation schemes have been demonstrated, including prism coupling [2] , grating coupling [3] , optical waveguide based [4] , enhanced transmission through nanohole arrays [5] , and resonance of nanoparticles [6] . Utilizing the unique characteristics of SPP, people have proposed and demonstrated many applications in sensing [2] - [6] , spectroscopy [7] , and nonlinear optics [8] , [9] . Up to date, different kinds of surface plasmon resonance (SPR) sensors have been successfully commercialized. Owing to the unique capability of SPP to confine the electromagnetic field in the perpendicular direction, SPR sensors could principally be fabricated in an extremely small size and with high sensitivity. Recently, a new type of SPP interference sensor was proposed and has attracted plenty of attention [10] - [15] . A metal film section is deposited on or partly buried in a dielectric waveguide; therefore, the excited SPP modes at the top and bottom of the metal film thus may interfere with each other for sensing or modulation applications [10] . However, because of the impedance mismatch, the waveguide mode to SPP coupling normally suffers a high loss, at least for one of the SPP modes.
In this paper, we proposed a plasmonic Mach-Zehnder interferometer that consists of a wedge metal waveguide on a silica substrate. Because of the gradient transition from the waveguide mode to the Bcoupled SPP[ mode, the light to SPP coupling thus exhibits a very low loss. The mode coupling, splitting, and interference characteristics are investigated theoretically by using FDTD analysis. Applications of our SPP interferometer for refractive index sensing are also studied showing a sensitivity of 6 Â 10 3 nm/RIU. Our whole paper contains four parts. The basic theory part is introduced in Section 2, including the working principle, the characterizations, and advantages of our proposal. In Section 3, the sensing application of the SPP interferometer is discussed based on numerical simulations. Structural parameters are optimized to improve the sensitivity of our sensor. Finally, conclusions are given in Section 4.
Theory of the Interferometer
The basic structure of our SPP interferometer is shown in Fig. 1 . It consists of a silica substrate with a doped high index top layer. A section of wedgy gold film is further deposited on it whose thickness is gradually varied on both side slopes. The silica-on-silicon substrate could be prepared by plasma-enhanced chemical vapor deposition (PECVD) technology [16] or flame hydrolysis deposition (FHD) technology [17] . To make the wedge film, a simple mechanical setup could be used to control the gold deposition region [18] . The detailed scheme could be as follows: Put a cover with a rectangle slot over the substrate. Move the cover left and right periodically during film deposition. Therefore, the center area of the slot has a uniform and thicker gold layer, while the two side slopes have gradually varied thickness. It is not difficult to obtain such a wedgy gold film with different length, slope, and thickness.
In our simulation, the dielectric constant of gold is determined from the Drude model with the plasma frequency ! p ¼ 2 Â 2:175 Â 10 15 s À1 and the collision frequency ! c ¼ 2Â 6:5 Â 10 12 s À1 [19] . To simplify the calculations, the dispersion of the silica substrate is neglected. We set the refractive index of the doped silica core and the pure silica buffer to be 1.53 and 1.50, respectively. We divide the device into three sections: The left wedge area acts as an input waveguide, the flat area is mainly for Mach-Zehnder interference, and the right wedge area is the output waveguide. When a guiding mode supported by the silica-on-silicon waveguide was launched into the first wedge section, it could be split into two SPP modes: the top SPP mode and the bottom SPP mode. Obviously, the wedge thickness should be large enough to separate two SPP modes before they enter the two interferometer arms in Section 2. In addition, the thickness of the bottom doped silica layer should be chosen properly to ensure that the lower arm only supports one mode, i.e., the bottom SPP mode.
The basic working principle of the surface plasmon interferometer is not hard to understand. It just looks like the traditional ones. The interference is provided by the phase difference between the two arms. In addition, the wedge section also contributes a tiny beam path difference, but of course, it is not the main part. The dominating part should still be the difference of the phase velocity in different arms, which is determined by the propagation constant ð ¼ 2= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi " 0 gold n 2 =ð" 0 gold þ n 2 Þ q Þ and the frequency of the SP wave. In our theoretical study, the propagation constant of the top and bottom SPP modes are both deduced from the equation above for simplicity. This is only valid when the thickness of the doped silica layer is large enough. Otherwise, the bottom SPP mode may give an inaccurate result. A more general three layer waveguide model should be used instead [20] . For a fixed wavelength, the refractive index difference of the substrate and the environment dominates the propagation constants of the top mode and the bottom mode. When they couple back into the output waveguide, relative phase difference of the two modes results in interference and a sinusoidal spectrum [11] 
where " 0 gold stands for the real part of dielectric constant of gold, and n env and n bas are the environmental index and the refractive index of bottom doped silica layer, respectively. L is the total interference length. When phase difference of the top mode and the bottom mode is 0 or , they will interfere constructively or destructively to provide the maximum or minimum of the intensity, respectively. To improve the visibility of the interferometer, we should regulate the structural parameters of the device to make the minimum be as close to zero as possible. The governing functions are as follows [14] , [15] :
where b0 and t 0 are the phase differences introduced by the coupling processes. T b and T t stand for transmission amplitude of the top SPP mode and the bottom SPP mode coupled into the output silica-on-silicon waveguide, while A b and A t represent the initial field amplitudes of the top and bottom SPP modes, respectively. b and t are the respective propagation constants of the two SPP modes and they have negative imaginary parts related to their large propagation loss. In practice, there are three structural parameters that we need to take into account: the total length of three sections ðL 0 Þ, the thickness of the doped silica layer ðd doped Þ, and the gradient of the wedge section ðg m ðd m ; L w ÞÞ, which is defined as the ratio of the gold film thickness in Section 2 ðd m Þ and the length of Section 1 ðL w Þ. In our simulation, we assume L 0 ¼ 100 m, d doped ¼ 1 m, and Fig. 2(a) , while Fig. 2(b) reflects the power ratio between the top and bottom SPP modes. The input TM mode light power is redistributed into two SPP modes, exhibiting a clear mode splitting effect. As is shown in the picture, the proportion of the power launched into top SPP mode decreases with g m . Owing to this effect, a proper splitting ratio could be obtained easily by tuning the structural parameters.
In the interference process, when the input guiding mode is launched into the wedge metal waveguide, it could excite a metastable Bcoupled SPP[ mode. This mode behaves like a long-range surface plasmon mode. However, because of the large mismatch of two sides' refractive index, it could not propagate stably and is split into two independent SPP modes quickly, i.e., the top and the bottom SPP modes. An analytic three layer waveguide model [20] is used to study the generation and splitting of this coupled mode as shown in Fig. 3 . When the gold layer is thinner than 37.23 nm, there is only one mode with light field on both sides of the film. Fig. 3(b) shows the splitting process of the mode, position Ba[ corresponds to the position where the thickness of Au layer is 11 nm, and the field has hardly split. The thickness of Au layer of position Bb[ is 18 nm, and the splitting has happened. Position Bc[ corresponds to a total splitting of the mode with a thickness of 39 nm. If the gold film thickness is larger than 39 nm, the top and bottom SPP modes are more separated with different propagation constants. As a consequence, the interference length L does not just mean the total length of three sections. It is the length of the total effective interference path after the Bcoupled SPP[ mode is split and before the split top and bottom modes are recombined in Section 3. However, because the Bcoupled SPP[ mode is just a transition state with only nanometer scale propagation length, L is almost equal to the total length of three sections (L0), as shown in Fig. 1 .
Owing to the Bcoupled SPP[ mode, the total interference process is a continuously varying process, and therefore, losses arisen from uncontinuity of the structure could be avoided. Coupling loss of the interferometer which is defined by the ratio of total power of two SPP modes, and the input power is shown in Fig. 4 . Corresponding to g m ¼ 0:0125, the coupling loss is about 2 dB. As g m gets larger, the loss becomes lower. It even reduces to below 1 dB when g m increases to 0.0175. It is worth noticing that the propagation attenuation caused by the imagined part of the propagation constant is included, and therefore, the coupling loss of smaller g m which has a longer coupling section is larger. To have a clearer physical image, we remove this portion by follow-up theoretical treatment. It could be seen that the loss is even smaller. Overall, the total coupling loss is much lower compared with previous reports [10] . 
Sensing Applications
The surface plasmon interferometer proposed above has many applications. As an example, we would study its refractive index sensing properties. The top interference path and the bottom interference path are treated as the sensing arm and the reference arm, respectively. When the environmental refractive index changes, the propagation constant of the top SPP mode varies accordingly. However, the propagation constant of the bottom SPP mode is insensitive, and therefore, the relative phase difference of the two modes is the function of environment refractive index. This effect drives the device to be sensitive to variation of environment index, and correspondingly, the transmission spectrum of the device will present a shift. The shift of valleys in the spectrum is usually used for sensing. Furthermore, in a practical device, the analyte should cover at least the total interference length L, and because of the field penetration outside the gold film, the analyte's thickness should be large enough to take all top SPP field. From our simulation, a 9 2 m-thick analyte is suitable with almost all fields included. Otherwise, an analyte that is too thin may result in a lower sensitivity.
Simulations of our device are carried out by the commercial software Rsoft CAD-Layout through the finite-difference time-domain (FDTD) method. We use the 2-D model in our simulations, and the numerical parameters of spatial meshes are 0.03 m in the transverse direction and 0.1 m in the propagation direction, respectively. In our calculations, the three structural parameters of the interferometer sensor mentioned above should be optimized to for better sensing performances. Among these parameters, influence of the total length L is expressed directly in (2) and (3). It plays a more important role because the peak positions of the transmission spectrum of the device are determined mainly by it. Besides, another parameter of the sensor, i.e., the FSR is the function of L ðFSR % 2 =Án eff LÞ. As L becomes larger, the FSR will be shorter with a sharper transmission valley. The full-width at half-maximum (FWHM) power thus will be reduced, and the Q-factor ðQ ¼ =FWHMÞ of the sensor will be improved. In addition, d doped affects T b and T t at the same time, while smaller g m results in a larger T t . The ratio jT b =T t j 2 thus could be tuned accurately by adjusting these two parameters, together with the total length L. An index sensor with optimized performances thus could be obtained according to different application requirements. (1) is plotted as a function of refractive index and wavelength in Fig. 5(a) and (b) , respectively. In Fig. 5(a) , the wavelength is fixed at 1.4 m; and in Fig. 5(b) , the environmental refractive index of the sample is set at 1.33, i.e., the index of water. Fig. 5(a) displays the interference characteristics of the sensor. Relative phase of the top and bottom modes varies rapidly with the refractive index. According to Fig. 5(a) , the resonance period is $0.012, i.e., a 2 phase difference can be brought by a tiny variation of refractive index. Fig. 5(b) shows the wavelength response of the sensor. We can see that for our device, FSR is $78 nm, and FWHM is $21 nm. Combining two types of properties to estimate, the high sensitivity of our device could be predicted. For sensing applications, the regime which is called Bwavelength interrogation mode [ [10] is usually more useful. We calculate the transmission spectrums for refractive index of 1.326, 1.328, 1.330, and 1.332, and the data are collected together and shown in Fig. 6(a) . Further calculations are also made to obtain sensitivity of our device. Fig. 6(b) shows the position of the resonance wavelength which corresponds to transmission minimum as a function of sample refractive index.
From Fig. 6(b) , we could see that wavelength at transmission minimum reduces linearly against sample refractive index improving. The sensitivity of the device is around 6:0 Â 10 3 nm/RIU. This sensitivity could also be estimated by theoretical analyses. As mentioned above, the analytic expression of the bottom SPP mode is also used in the derivation here. Controlling equations are given as follows [11] , [13] :
Assuming ¼ 1:40 m, the sensitivity is calculated to be 6:9 Â 10 3 nm/RIU, and the difference is introduced in by the approximations used to derivate the expression of sensitivity and the error brought by the numerical method itself.
In both direct data fitting or theoretical analysis, our sensor show a much higher sensitivity than some previous reported results. However, this is mainly because of the different material system, and therefore, the direct comparison is difficult. We use a doped Silica waveguide while a Silicon-oninsulator substrate was normally employed before [10] . Both of these two approaches have advantages and disadvantages. For example, our sensor shows a long device length (over 100 m), but a more compact $10 m SPP sensor was reported in [10] . Therefore, our sensor requires a larger amount of analyte. This is one drawback of the present sensor. However, the longer device results in finer spectrum with shorter FSR/FWHM. So, the L value should be well selected according to different applications. Although we set a long L, it also could be smaller if a sensor with lower loss and larger sensing range is desired [21] . In addition, because L affects both the top and bottom SPP's attenuation while they are not identical, L is also a tuning factor to adjust the contrast of spectrum peaks and valleys according to (2) and (3). For our sensor, the spectrum contrast reaches around 20 dB, which is quite good.
Conclusion
We have presented in this paper a surface plasmon interferometer based on wedge metal waveguide. Working principles of this device are discussed through theoretical analyses. This is attributed to the special mode supported by the wedge metal waveguide, i.e., the Bcoupled SPP[ mode. The total coupling loss of the interferometer is very low. Its applications for refractive index sensing are also investigated. Owing to characteristics of surface plasmon, the sensor has a really high sensitivity. The size of the device could be controlled as small as a micrometer order of magnitude, which makes it a promising candidate for nanophotonic integration.
